Although Escherichia coli is generally considered to be predominantly a commensal of the gastrointestinal tract, a number of recent studies suggest that it is also capable of long-term survival and growth in environments outside the host. As the extraintestinal physical and chemical conditions are often different from those within the host, it is possible that distinct genetic adaptations may be required to enable this transition. Several studies have shown a trade-off between growth and stress resistance in nutrient-poor environments, with lesions in the rpoS locus, which encodes the stress sigma factor RpoS ( S ). In this study, we investigated a unique collection of long-term soil-persistent E. coli isolates to determine whether the RpoS-controlled general stress response is altered during adaptation to a nutrient-poor extraintestinal environment. The sequence of the rpoS locus was found to be highly conserved in these isolates, and no nonsense or frameshift mutations were detected. Known RpoS-dependent phenotypes, including glycogen synthesis and ␥-aminobutyrate production, were found to be conserved in all strains. All strains expressed the full-length RpoS protein, which was fully functional using the RpoS-dependent promoter reporter fusion PgadX:: gfp. RpoS was shown to be essential for long-term soil survival of E. coli, since mutants lacking rpoS lost viability rapidly in soil survival assays. Thus, despite some phenotypic heterogeneity, the soil-persistent strains all retained a fully functional RpoS-regulated general stress response, which we interpret to indicate that the stresses encountered in soil provide a strong selective pressure for maintaining stress resistance, despite limited nutrient availability.
scherichia coli is a Gram-negative, facultative anaerobe, belonging to the Enterobacteriaceae family, which inhabits the intestinal tracts of humans, warm-blooded animals, and reptiles (1, 2) . It can be transferred through water and sediments via feces and is almost universally used as an indicator of fecal contamination in drinking and recreational water. The use of E. coli as a fecal indicator is based, at least in part, on the assumption that it exists transiently outside the host gastrointestinal tract (3) and does not survive for a long time in the external environment. Though several authors have isolated E. coli from various natural environments, such as freshwater (4, 5) , beach water (6, 7), beach sand (7), tropical and subtropical soils (8) (9) (10) (11) (12) , coastal temperate forest soils (13) , riverine temperate soil (14) , and sediments (15) , it is difficult to determine unequivocally whether these isolates originated from recent contamination or whether they represent long-term residents in those environments. In 2010, Brennan et al. (16) reported the recovery of E. coli populations from intact soil monoliths maintained in lysimeter units (previously described by Ryan and Fanning [17] ), which have been protected from fecal contamination since 1998. These long-term soil-persistent E. coli isolates are the subject of the present study.
Soil-persistent E. coli strains from the lysimeters are genotypically diverse and possess unique growth and metabolic characteristics, suggesting adaptation to conditions present in soils (18, 19) . These strains are assumed to have developed mechanisms that could help them survive in soil. For example, it was shown that a soil-persistent E. coli strain was nutritionally versatile and metabolized more substrates at 15°C than E. coli K-12 (19) . Furthermore, E. coli strains have been shown to survive and grow in both amended (8, 20) and unamended (14) soil. The capacity of these E. coli strains to survive for long periods of time and grow in the external environment raises questions about the validity of its continued use as indicator of water quality (16) .
The ability to survive environmental stresses has been shown to be controlled by the general stress response regulator, RpoS, in E. coli and other related bacteria. RpoS ( s ) is an alternative sigma factor that is involved in E. coli resistance to stresses typically encountered in the external environment, such as cold stress, osmotic stress, oxidative stress, and desiccation (21) (22) (23) . When environmental stresses are encountered, cellular RpoS levels increase dramatically; the resulting RNA polymerase-RpoS holoenzyme complex produces the appropriate transcriptional response (24) . A number of studies have shown that, in low-nutrient conditions, particularly when growth rates are very slow, mutations can accumulate within the rpoS open reading frame (ORF), resulting in the partial or complete loss of RpoS function and reduced stress tolerance (25, 26) . Mutations in rpoS have been reported in strains obtained from laboratory growth conditions as well as among natural isolates of E. coli (7, (26) (27) (28) (29) (30) (31) (32) (33) (34) , Salmonella (35) (36) (37) , Cronobacter (38) , and Citrobacter (39) . These mutations are thought to provide a selective advantage to microorganisms undergoing nutrient starvation due to a trade-off between stress resistance and growth (40) . Indeed, mutations that confer a growth and survival advantage in stationary-phase cultures of E. coli (so-called growth advantage in stationary phase, or GASP, mutants) are frequently found to map to the rpoS locus (41) . Thus, the long-term soilpersistent E. coli isolates present a unique opportunity to study the evolution of the rpoS locus in a natural nutrient-limited environment.
Soil can be considered a highly competitive environment where nutrient sources are significantly less abundant than in the host gastrointestinal tract (42) . We hypothesized that low-nutrient microniches within the soil environment may select for rpoS mutations during long-term soil adaptation, perhaps providing a growth rate advantage. These rpoS lesions could also confer a competitive advantage through increased nutritional competence, a phenotype associated with the loss of rpoS (26, 40) . Knowledge of how E. coli responds to chemical and physical stresses has been derived almost exclusively from studying laboratory strains; thus, the available collection of soil-persistent isolates of E. coli (16; F. Abram, unpublished data) from a closed system represents a rare opportunity to understand the role that stress responses play in the survival of E. coli in an environment outside the host, where environmental conditions, nutrient availability, and competing microorganisms are different from those present in the gastrointestinal tract.
In the present study, we have characterized the RpoS-dependent stress response in phylogenetically distinct soil-persistent E. coli strains and compared this to responses in commensal and laboratory E. coli strains. The rpoS locus was sequenced, and Western blotting and green fluorescent protein (GFP) reporter fusion (using the RpoS-dependent gadX promoter) assays were used to determine the presence and activity of the RpoS protein in each of the isolates. Soil survival assays were also performed to investigate the role of an intact rpoS locus in soil survival. We show that a functional RpoS is retained in long-term soil-persistent isolates of E. coli and demonstrate that RpoS is essential for long-term survival in the soil.
MATERIALS AND METHODS
Strains used and growth conditions. Five long-term (Ͼ9 years) soilpersistent Escherichia coli strains, belonging to five distinct phylogenetic groups, as described by Clermont et al. (43) , were studied (here named COB583 to COB587) ( Table 1) . These strains were leached from lysimeter units (Luvic Stagnosol; C-to-N ratio, 10.1) (44) , to which no fecal material had been applied since at least 1998 (16) . The lysimeter unit was enclosed within a mesh netting to prevent contamination from birds and small mammals. The soil isolates were considered long-term soil-persistent isolates, since the experimental soil columns from which they were derived had not been exposed to fecal material for at least 9 years prior to leachate collection. E. coli strains were periodically isolated from these soil columns over a period of 4 years, indicating that the strains were resident in the soil. Two commensal strains (SE11 and SE15) and a well-studied laboratory strain (BW25113) with its corresponding rpoS deletion mutant (strain BW25113⌬rpoS) were used for comparative purposes. The strains are described in Table 1 . An rpoS deletion mutant strain of soil-persistent E. coli COB583 was constructed by the one-step inactivation method using a Red recombinase-assisted approach, which replaces target gene sequence with a kanamycin resistance (Km r ) cassette described by Datsenko and Wanner (45) , with minor modifications. Primers COB740R and COB743F were used to amplify the kanamycin cassette flanked by homologous sequences covering 915 bp upstream and 582 bp downstream of rpoS to generate PCR linear fragments, using the kanamycin cassette from a Keio collection mutant as the template. The Red recombinase plasmid used was pKOBEGA (46) , and 500 ng of linear DNA was electroporated into the Red recombinase-expressing COB583 strain at 3.0 kV. The kanamycin resistance cassette was removed from the ⌬rpoS mutant strains by FLP-FRT recombination, and removal of the cassette was confirmed by plating on Luria-Bertani (LB) agar with 50 g · ml Ϫ1 kanamycin (LBKan). E. coli K-12 strain carrying a gadX-GFP promoter fusion on pUA66 (P gadX ) was obtained from David Clarke (University College Cork, Ireland). gadX is a transcriptional activator of the glutamate-dependent acid resistance system in E. coli and is RpoS dependent (47) . P gadX was obtained from overnight (ϳ16 h) culture in LBKan at 37°C, and the resulting plasmids were transformed into all nine strains used in the present study.
Motility at 15°C and 37°C. Since motility and biofilm formation are traits that might be subject to selection during niche adaptation (48, 49) , we measured these traits at 15°C and 37°C for each strain. In order to evaluate cell motility, each strain was grown in LB overnight (ϳ16 h) with agitation at 37°C. Overnight cultures were then spot-inoculated onto LB containing 0.25% (wt/vol) agar plates, and radial motility was measured after 16 h of incubation at 37°C and 40 h at 15°C. The experiment was conducted with three independent biological replicates.
Biofilm assay. This was done according to the method described by O'Toole (50), with slight modifications. Each strain was grown overnight in LB with agitation at 37°C, and then 1 ml of the overnight culture was centrifuged at 8,000 ϫ g for 6 min at room temperature (23°C) to recover the cells. The cell pellets were washed in 1 ml sterile phosphate-buffered saline (PBS) (pH 7.3) (Oxoid, United Kingdom) and resuspended in 1 ml Survival under starvation at 15°C. Strains were inoculated in 10 ml LB and incubated overnight at 37°C with agitation before washing at 9,000 ϫ g for 10 min at room temperature (23°C) in 10 ml PBS twice. The washed cells were resuspended in 15 ml PBS and used as inoculum. One milliliter of the inoculum was added to 15 ml PBS in sterile 50-ml tubes in triplicates and incubated at 15°C with shaking. This temperature was chosen to approximate the mean Irish soil temperature. Aliquot (200-l) samples were taken at days 0, 7, 14, 21, 28, and 35 for enumerating culturable cells. Samples were serially diluted in PBS, and 10 l was spotplated in triplicates onto LB agar and incubated overnight at 37°C.
Soil survival assay. This was done according to the method described by Ma et al. (51) , with some modifications. Two types of silty loam soils were used for this analysis: soil A (sand, 47%; silt, 52%; clay, Ͻ1%) (pH 7.2) (with total organic carbon, 16.53% of dry solids; total nitrogen, 1.56% of dry solids; C-to-N ratio, 10.6; and organic matter, 31.3%) was collected from Ballyvaughan (53°07=15.6ЉN 9°09=24.8ЉW) in the west of Ireland, and soil B (sand, 43%; silt, 53.9%; clay, 3.1%) (pH 5.19) (with total organic carbon, 4.7%; total nitrogen, 0.35%; C-to-N ratio, 13.43; and organic matter, 9.1%) was collected from Kilfergus (53°07=15.6ЉN 9°09=24.8ЉW) in the midwest of Ireland. The soils were sieved with a 2-mm sieve and kept in a sealed bag with airspace at a constant temperature (15°C) until used. One colony each of the BW25113 and BW25113⌬rpoS strains was inoculated into 10 ml LB and incubated overnight at 37°C with agitation. The overnight cultures were harvested by centrifugation at 9,000 ϫ g for 10 min at room temperature (23°C), washed twice with sterile PBS, and resuspended in PBS to give an OD 600 equivalent to 2 ϫ 10 8 CFU/ml, which served as the inoculum. Then, 50 l of the inoculum was added into 1 g of soil A in a series of 15-ml sterile tubes inverted 10 times by hand, slightly capped to allow air exchange, and incubated at 15°C. As a control, 50 l of sterile PBS was added to 1 g of soil A. The experiment was set up in triplicate. Inoculated soils were destructively sampled (i.e., PBS was added and could not be reused at another time point) on days 0, 1, 2, 7, 14, 21, 28, and 35 to determine survival of the wild-type and rpoS mutant strains. For cell recovery, 2 ml of PBS was added to each tube and mixed by inverting three times followed by vortexing for 2 ϫ 20 s. The resulting soil slurry was allowed to settle for 2 min, and 20 l was collected from the supernatant and serially diluted. Two minutes was adopted as the standard time for this protocol, because there was no significant difference in the recoverable cell numbers when soil slurry was allowed to settle for a longer period (10 min). A total of 10 l of all dilutions was plated in triplicate on MacConkey agar and incubated overnight at 37°C. The soil used had no detectable background levels of coliforms or E. coli. Preliminary experiments showed an average of 91% to 102% of the added E. coli was recovered at 10 min after inoculation into soil A, while recovery was 91% to 97% in soil B. A subsequent soil assay was arranged with all nine test strains and sampled on days 0, 7, 14, 28, 42, 55, 84, 122, 154, and 230. The wild-type COB583 strain and its corresponding constructed rpoS deletion mutant strain (COB583⌬rpoS) were subjected to the soil survival assay with the silty loam soils A and B to investigate the effect of RpoS on soil survival in a soil-persistent strain.
PCR amplification and sequencing. Whole-colony PCR targeting rpoS and its flanking genes was carried out on the soil-persistent strains. Single colonies were picked and resuspended in 500 l of sterile nucleasefree water (Ambion, USA). A 1-l aliquot was then transferred to the PCR reagent mix. The primers used for amplification are listed in Table 2 . PCR was performed with high-fidelity Velocity DNA polymerase (Bioline, Inc., USA). PCR mixture (50 l) consisted of 10 l of 5ϫ hi-fi buffer (containing 10 mM Mg 2ϩ ), 5 l of 10 M deoxynucleoside triphosphate (dNTP) mix, 1.5 l of dimethyl sulfoxide (Bioline, Inc., USA), 29.5 l of nucleasefree H 2 O, 2 U (1 l) of Velocity DNA polymerase (Bioline, Inc., USA), 1 l of template DNA, and 1 l of each primer (25 M). The PCR was performed with a Primus DNA cycler (MWG-Biotech, Inc.) with the following steps: initial denaturation step at 98°C for 2 min, 30 cycles of 30 s at 98°C, 30 s at 54°C, and 3 min at 72°C, and a terminal extension step at 72°C for 7 min. The amplified PCR products were examined by agarose electrophoresis on 1% gels, purified using the GenElute PCR cleanup kit (Sigma-Aldrich, USA), and visualized on a 1% agarose gel for quantification prior to sequencing. Samples were sequenced by Source Bioscience (Dublin, Ireland), while assembly and analysis were carried out using DNABaser version 4 (Heracle BioSoft, USA). Sequencing was performed on both strands of the PCR product.
Phylogenetic analysis. Nucleotide sequences of E. coli SE11, SE15, and BW25113 were retrieved from the National Center for Biotechnology Information (NCBI) database with GenBank accession numbers AP009240.1, AP009378.1 and CP009273.1, respectively. Nucleotide sequences of rpoS were translated, and the resulting amino acid sequences were analyzed. Sequences were aligned using Clustal Omega (52) , and a phylogenetic tree was generated using the maximum likelihood method based on the Kimura 2-parameter model (53) with bootstrap analysis (1,000 iterations) using MEGA6 (54) .
Acid survival at 37°C. Cultures of bacteria were grown to the stationary phase at 37°C in LB medium with agitation. The pH of these cultures was lowered to a pH of 2.5 with 3 M HCl. Samples were taken at 20, 40, and 60 min and serially diluted in PBS. Aliquots of 10 l of the serial dilutions of the samples were plated in triplicate onto LB agar and incubated overnight at 37°C. Colonies were counted to enumerate the culturable cells.
GABase assay. Intracellular ␥-aminobutyrate (GABA) and extracellular GABA (GABAi and GABAe, respectively) were measured as previously described (55) . Briefly, strains were grown to the stationary phase at 37°C with agitation in LB medium. Prior to the GABA measurements, the pH of the cultures was lowered to 4.0 with 3 M HCl. Extractions were made after 1 h of acid treatment. Non-HCl-treated cultures were used as negative controls. GABase from Pseudomonas fluorescens (Sigma-Aldrich, Stein- TACGTATTCTGAGTCTTCGG  COB742F  ATGATTGACCTGCCTCTG  COB743F  GGTATTGCGATTTCTATTCC  COB746F  CGTAGCAATCCTGACAAC  COB747R  GAATTTGATGAGAACGGAG  COB784F  CCATAATCACCATCTTCACG  COB785R  GATAAGCCAGTTGATGACG  COB788F  CACTTCCATGCGGTAGATG  COB789R  CCTATGCGTTCATCATCTTG  COB794F  CCATAATCACCATCTTCACG  COB795F  CACCTCTTCGCTGATTTTC  COB796R  ACCAGGCTTTTGCTTGAATG  COB797F  GTAACAACATCTTCTTCGTCAC  COB798R GGATAAGCCAGTTGATGATTTC heim, Germany) was used in the enzymatic assay, and the OD 340 was measured using the Sunrise microplate absorbance reader (Tecan, Austria). Glycogen accumulation test. Levels of glycogen accumulated in the strains were determined by iodine staining, as described previously (26) with some modifications. Strains were streaked onto LB agar and incubated overnight at 37°C and then left at 4°C for 48 h, after which they were flooded with 0.05 M iodine solution (Sigma-Aldrich, USA). The glycogen level is indicated by the intensity of brown coloration and is an indirect measure of the level of RpoS. Images were captured on an HP Scanjet 5400c at 600 dpi.
Western blot for RpoS. As a direct measure of RpoS levels, we detected RpoS protein in the test strains by Western blotting. Stationary-phase cells were inoculated into 25 ml LB starting at an OD 600 of 0.05 and incubated overnight (ϳ16 h) at 37°C and 36 h at 15°C with continuous shaking. Then, 1 ml of culture was taken and centrifuged at 12,000 ϫ g for 10 min. Each cell pellet was resuspended in 100 l of BugBuster cell lysis reagent (Novagen, USA) supplemented with 1% (vol/vol) DNase I (Thermo Scientific, USA), 1% (vol/vol) Halt protease inhibitor cocktail (Thermo Scientific, USA), and 1% (wt/vol) lysozyme (Sigma-Aldrich, USA). Each cell suspension was then incubated at room temperature (23°C) for 20 min with agitation. Cell lysates were centrifuged at 16,000 ϫ g for 10 min at 4°C. Protein concentrations were determined using the Bio-Rad DC protein assay (Bio-Rad). An equal amount of each protein (25 g) was resolved on 10% SDS-PAGE at 100 V for 1.5 h at 4°C. After electrophoresis, proteins were blotted onto a polyvinylidene difluoride (PVDF) membrane using a semidry system (Jencons, United Kingdom) at 3 V for 1 h. A blocking step with 5% skim milk in Tris-buffered saline with 0.05% Tween 20 (TBST) was performed, and the membrane was incubated with a 1,000-fold-diluted mouse monoclonal anti-RpoS antibody (Santa Cruz). Blots were washed in TBST three times for 10 min each and incubated in 3,000-fold diluted peroxidase conjugated anti-mouse IgG (Pierce). The ECL Prime Western blotting detection reagent (GE Healthcare) was used to detect the RpoS bands, as recommended by the manufacturer, with exposure to X-ray films.
RpoS-dependent GFP expression. RpoS activity was determined by the ability of the strains to transcribe the gadX promoters in the reporter fusion (P gadX ) indicated by green fluorescence. Overnight culture of all strains carrying P gadX was prepared in LBKan broth and incubated at 37°C and 15°C. Stationary-phase cells were inoculated into 25 ml LBKan at a starting OD 600 of 0.05 and incubated with continuous shaking at 37°C and 15°C. To determine the induction of fluorescence, samples were taken at the stationary phase (17 h at 37°C and 36 h at 15°C), fixed with an ethanolmethanol (1:1) solution, and resuspended in PBS, and 2 l was placed on a slide and imaged with Leica DMI3000 B microscope. Green fluorescent protein (GFP) was detected by Western blotting according to the method described above, but with rabbit polyclonal GFP antibody (Santa Cruz; SC-8334) diluted 5,000-fold in TBST and 20,000-fold-diluted peroxidaseconjugated anti-rabbit IgG (Santa Cruz).
Statistical analysis. Analysis of variance (ANOVA) was performed to investigate the differences in motility, biofilm formation, GABA levels, acid survival, and soil survival at the specified time points using SPSS 21.0 for Windows (SPSS, Inc., Chicago, IL). All assumptions of the test were met. Statistical comparisons among the means were made using the Duncan multiple range test at a 5% probability level. Accession number(s). The accession numbers KU948321 to KU948325 were assigned by GenBank for rpoS nucleotide sequences COB583 to COB587, respectively.
RESULTS
Soil-persistent E. coli displayed heterogeneous phenotypes. All strains were motile to a similar extent at 37°C (Fig. 1A) , with the exception of BW25113, which showed poor motility at this temperature. In contrast, motility was found to be more variable at 15°C, with three of the wild isolates (COB583, COB585, and SE11) displaying significantly greater motility than the other strains (Fig.  1B) . Very low levels of biofilm were detected for all strains at 37°C in both LB broth and a minimal medium with succinate as the sole carbon source. Two of the five soil isolates (COB583 and COB585) produced significant biofilm at 15°C in both media tested (Fig.  1C) , and SE15 produced high levels of biofilm (OD 595 of 1.77) in the minimal medium, while the others produced very little biofilm. Together, these data demonstrate the phenotypic diversity of E. coli soil residents, consistent with the fact that these isolates belong to different phylogenetic groups.
RpoS is required for survival in soil at 15°C. All the soil-persistent and commensal isolates of E. coli were found to survive well in a nutrient-poor environment at 15°C over 35 h, with the exception of SE11, which showed approximately 2-log reduction in culturable cell numbers (Fig. 2A) . To investigate whether RpoS was required for survival in soil, the survivals of BW25113 and its rpoS mutant strain (BW25113⌬rpoS) were compared following the inoculation of a live soil sample with 10 6 CFU · g Ϫ1 . The parent strain lost less than a 1-log cycle of viability, while the BW25113⌬rpoS strain was significantly (P ϭ 0.0004) impaired in its soil survival, dropping to less than 10 3 CFU · g Ϫ1 after 35 days (Fig. 2B) . Soil-persistent and commensal strains had similar survival patterns which were not significantly different (P Ͼ 0.05) after 230 days in live soil (Fig. 2C) . The laboratory strain BW25113 also survived well under these conditions in soil, but the BW25113⌬rpoS strain was again severely impaired in its survival, with no culturable survivors detected after 42 days. In order to directly test the role that RpoS plays in the soil-persistent strains, an rpoS deletion was constructed in COB583, and the survival of this mutant (strain COB583⌬rpoS) was compared to the parental strain in silty loam soils A and B. In both cases, loss of rpoS was associated with a faster loss of viability in the soil, and a stronger effect was observed in soil B (Fig. 2D) . The effect of the rpoS deletion on soil survival was similar in both the BW25113 and COB583 backgrounds for silty loam soil A (Fig. 2B compared to  Fig. 2D) .
The rpoS locus is conserved in soil-persistent E. coli. Although there were some sequence differences between the isolates, all of the soil-persistent strains were found to have an intact rpoS ORF (Table 3) . Nucleotide substitution C¡G at position 97 was present in all of the soil-persistent and commensal strains, and this resulted in a corresponding amino acid change from glutamine (Q) to glutamic acid (E) at codon 33. Although there were other nucleotide changes in the test strains, the change at codon 33 was the only nucleotide change that resulted in an amino acid change; the others were silent mutations. The sequence of rpoS in COB585 diverged significantly from the other strains, which was reflected in the phylogenetic tree generated when these sequences were compared to other sequenced E. coli strains (Fig. 3A) . The region downstream from the rpoS ORF was conserved in three soil-persistent strains (COB584, COB586, and COB587) and in one of the commensal strains (SE11), but the locus had a different gene order in each of the other strains (Fig. 3B) . The regions carrying the known rpoS promoter sequences, located in the upstream nlpD ORF and in the intergenic region, were compared and were found to be conserved in all soil-persistent strains (Fig. 3B) . These results confirm that the rpoS gene and regulatory elements are conserved in the soil-persistent strains but that differences exist in the genetic structure of this chromosomal locus, highlighting the genetic diversity that exists within this collection of soil isolates.
Phenotypes under the control of RpoS are retained in soilpersistent E. coli. Acid tolerance and GABA levels following acidification were measured for each of the soil-persistent and commensal isolates. Both acid tolerance and GABA production were confirmed to be under RpoS control, since the BW25113⌬rpoS mutant strain was exquisitely acid sensitive ( Fig. 4A ) and produced only very low levels of GABA in response to acidification compared to the parental control strain BW25113 (Fig. 4B) . With the exception of SE11, all of the other strains survived a pH of 2.5 for 1 h (Fig. 4A) . Furthermore, they all produced significant quantities of GABA both intracellularly and extracellularly in response to acidification of the culture media (pH 4.0), although there were some strain differences in the amounts produced (Fig. 4B) . The accumulation of intracellular glycogen in E. coli is another trait known to be under RpoS control (56) . An iodine-based staining assay was used to determine if the soil-persistent and reference strains could accumulate glycogen. The BW25113⌬rpoS mutant strain was found to stain negative (yellow-white) for glycogen, while all other strains gave a glycogen-positive stain (red-brown) (Fig. 4C) . Together, these results indicated that traits under the control of RpoS were retained during long-term soil adaptation, suggesting the presence of a general stress response in these isolates.
RpoS is present and functional in long-term soil-persistent E. coli. While the above data suggested the presence of an active RpoS-mediated stress response in the soil-persistent strains, it did not confirm that RpoS was expressed and active. The expression of RpoS was investigated in all strains at both 15°C (mimicking summer-time soil temperature in the east of Ireland, where isolates were collected) and 37°C using Western blot analyses with antiRpoS monoclonal antibodies. A 37-kDa band corresponding to full-length RpoS was detected in all strains, with the exception of the BW25113⌬rpoS mutant strain, which confirmed the specificity of the antibodies. Strikingly, there was a large increase in RpoS levels at 15°C compared to 37°C in all strains (Fig. 5) . RpoS degradation products of similar sizes were also detected in most strains at 15°C (but not in the BW25113⌬rpoS mutant strain), except for COB587 and BW25113. To assess the activity of RpoS, a plasmid-based GFP reporter (gadX::gfp) was transformed into all strains and used to record the transcription from the gadX , and biofilm formation in LB broth and SMM (C). All soil-persistent and commensal strains were significantly (P Ͻ 0.0001) more motile than the laboratory strain BW25113 at 15°C and 37°C. The wild-type BW25113 strain was significantly (P Ͻ 0.0003) less motile than the BW25113⌬rpoS strain at 37°C but not at 15°C. Biofilm was produced in rich and minimal media, with more biofilm produced at 15°C than at 37°C. UTI, urinary tract infection-associated E. coli isolate. Error bars represent standard deviations from three independent replicates. Data with similar lowercase or uppercase letters are not significantly different (P Ͼ 0.05).
promoter region, which is known to be highly RpoS dependent and has been used by others as reporter of RpoS activity (57) (58) (59) . A microscopic analysis of stationary-phase cultures grown at 37°C revealed that all strains showed significant GFP expression, with the exception of the BW25113⌬rpoS mutant strain, which showed no detectable fluorescence. The fluorescence levels detected in the strains were not identical; COB585 reproducibly (n ϭ 2; with at least 3 fields each time) had lower levels of fluorescence under these conditions. At 15°C, however, the fluorescence levels detected for all strains were greatly reduced compared to levels detected at 37°C, with COB585 again showing the least fluorescence (Fig. 6A) . One possibility was that decreased fluorescence might be caused by failure of the GFP protein to fold or mature properly (60) at 15°C. To test whether the levels of GFP were indeed reduced at 15°C, the levels were assessed by Western analyses using anti-GFP antibodies. The results showed that there was a strong correlation between the GFP levels and the levels of fluorescence detected by microscopy, suggesting that transcription of the gadX::gfp reporter was reduced at 15°C (Fig. 6B) . RpoS activity, based on the reporter activity, was indeed decreased at 15°C despite the increased levels of the RpoS protein detected at this temperature. Taken together, these data confirm that RpoS is both present and active in the soil-persistent and commensal isolates of E. coli.
DISCUSSION
Many studies in recent years have isolated and described E. coli from nonhost environments (7, 12, 16) , but not much is known on the mechanisms of adaptation of E. coli to the soil. In this study, we characterized the phenotypic properties of some long-term soil-persistent E. coli, established that the general stress response regulated by RpoS is conserved in them, and showed that RpoS is required for long-term survival in soil. This collection of longterm soil-persistent isolates represents an opportunity to understand the role that stress responses play in allowing E. coli to thrive in an environment outside the host, where environmental conditions, nutrient availability, and competing microorganisms are different from those present in the gastrointestinal tract.
All soil-persistent strains are motile at 37°C and 15°C, suggesting that motility is likely to be important for life in the soil environment. Though the individual strains showed different levels of motility (Fig. 1B) , there was no significant difference (P Ͼ 0.05) in motility when soil-persistent and commensal strains were compared at 37°C and 15°C. In an environment where nutrients are spatially and temporally heterogeneous, such as the soil, active motility could also be important in terms of a strategy for growth and survival. Brennan et al. (61) reported some evidence of active movement of E. coli within soil profiles. Furthermore, motility is important for initiating biofilm formation, because flagella help the initial attachment and movement along surfaces (62, 63) . We determined biofilm formation, which is known to be RpoS dependent (64) , and showed that the strains produced various amounts of biofilm. COB583 and COB585 produced the most biofilm in rich medium (LB), while the commensal strain SE15 produced the highest biofilm in minimal medium (i.e., SMM) (Fig. 1C) . We initially hypothesized that high biofilm formation may be an important phenotype for survival in the soil; however, our results showed that only two soil-persistent isolates produced high levels of biofilm under the conditions investigated, suggesting that the ability to form biofilm may not be an essential phenotype for long-term soil survival. The result of the heterogeneity in biofilm production observed in our study is consistent with the study of Skyberg et al. (65) , which showed that biofilm production is strain specific and not significantly influenced by phylogenetic group. Similar to previous studies that have shown that biofilm formation is higher at lower temperatures (48, 66) and that biofilmrelated genes are upregulated at 23°C compared to 37°C (67), we demonstrate that E. coli strains can produce high levels of biofilm at 15°C.
The survival data suggested that the general stress response was conserved in the soil-persistent strains, but we sought to investigate this further by sequencing the rpoS locus in each of the five soil isolates and comparing this to the rpoS locus from other sequenced E. coli genomes. E. coli strains have been shown to accumulate mutations in the rpoS gene when grown long term in the laboratory, in batch culture, in stab cultures, in chemostats run with poor carbon sources, and even in natural commensal, pathogenic, and environmental isolates from fermented sausage, human feces and urine, beaches, wastewater effluent, and animals (7, (26) (27) (28) (29) (30) (31) (32) (33) (34) . When we compared the rpoS locus in the test strains with E. coli K-12 MG1655, various nucleotide substitution mutations were observed, but none of these resulted in a premature stop codon (Table 3 ). This shows that rpoS is conserved in the soilpersistent and commensal strains. E. coli BW25113 had the same rpoS sequence as E. coli K-12 MG1655, as expected, since it is a derivative of the K-12 strain. We analyzed rpoS of sequenced E. coli strains in the NCBI (http://www.ncbi.nlm.nih.gov/) database and observed that this glutamine (Q) at codon 33 was conserved only in K-12-derived laboratory-adapted strains (data not shown). Atlung et al. (28) had previously reported a similar observation when comparing K-12 strains with six non-K-12 strains, and they proposed that GAG (glutamic acid at codon 33) was present in the E. coli common ancestor and that it evolved to TAG (STOP) in the process of laboratory evolution and then mutated into CAG (glutamine at codon 33). Polymorphism at codon 33 has been reported among E. coli strains in the literature (33, 34, 38) , but most of these studies used the original K-12 sequence (33Q) as their wild-type reference sequence, when the polymorphism occurred only in the K-12 lineage. It has been shown that there is no difference in RpoS activity with either glutamic acid (E) or glutamine (Q) at codon 33 (28) , suggesting that this residue is not critical for the functioning of RpoS.
Our data show that the soil environment does not preferentially select for rpoS mutations, and this is consistent with recent studies reporting that loss-of-function RpoS mutations are rare in a large collection of natural isolates of commensal, pathogenic, and environmental E. coli (32, 68) . Bleibtreu et al. (68) reported no variation in the amino acid sequence of RpoS in the E. coli strains which had minimal laboratory handling before being sequenced and showed that storage and successive transfers resulted in the rpoS mutations. Spira et al. (69) also reported that transfer of E. coli on LB stabs between laboratories led to mutations in rpoS. Retention of an intact stress response may be important for E. coli in soil, since it is a dynamic environment where E. coli may encounter multiple stresses. E. coli must overcome stresses such as UV radiation (if close to soil surface), low nutrients, low temperature, desiccation, competition, predation, and more to thrive in the soil. Furthermore, using phylogenetic analysis, we showed that RpoS is highly conserved in E. coli. The clustering of rpoS in the E. coli strains reflects phylogenetic diversity in the long-term soilpersistent E. coli strains we used for this study (Fig. 3A) . It has been recently shown that the phylogenetic grouping based on rpoS is highly consistent with phylogenetic clustering based on multilocus sequence typing (MLST), thus suggesting that rpoS is a good indicator of evolutionary history of E. coli strains (68) . On this basis, strain COB585 is the most divergent of the soil-persistent strains used in study, and it is most closely related to ECC08, which is a strain collected from a beach water sample at Bayfront Park Beach, Hamilton, Canada (7). Having established that the rpoS gene is conserved in the longterm soil-persistent strains, it was important to measure the RpoS level and its activity, since its role in the general stress response is complex, being regulated at multiple levels (reviewed in reference 70). We showed that all the strains with an intact rpoS gene produced detectable RpoS protein (Fig. 5) . Besides the 37-kDa RpoS protein observed in the RpoS-positive strains, there were other bands detected in all of the strains which were not found in the BW25113⌬rpoS strain. These are likely to be degradation products specific to RpoS, as one of the major regulatory mechanisms of RpoS level is proteolysis by ClpXP (71) . All of the soil-persistent strains, the commensal strains, and BW25113 displayed known RpoS-dependent phenotypes that were absent in the BW25113⌬rpoS mutant strain, albeit with some small differences, suggesting that RpoS is active in these strains (Fig. 4) . For example, RpoS plays an important role in acid tolerance in E. coli through its influence on the glutamate decarboxylase (GAD) system; specifically RpoS controls the transcription of two operons encoding components of the GAD system (gadA and gadBC) and controls a positive regulator of this system, GadE (reviewed in reference 72). GABA was produced by all strains with intact RpoS in order to overcome acid stress. E. coli SE11, a commensal strain, had an attenuated response to extreme acidity at 37°C (Fig. 4A) , as it survived a pH of 2.5 for only 20 min. Interestingly, the RpoS level in SE11 at 37°C was lowest among the strains (Fig. 5) , and it is possible that this contributed to the attenuated acid stress response and reduced survival under starvation at 37°C (data not shown). However, this was not the case at 15°C, where SE11 produced high levels of RpoS and survived extreme acidity for 1 h (data not shown), similar to other soil-persistent and commensal strains, but still survived rather poorly in PBS compared to the other RpoS-positive strains (Fig. 2A) . The reason for reduced stress response in E. coli SE11 under these conditions is not clear at present.
RpoS activity as determined by the gadX reporter fusions shows that RpoS was active in all the long-term soil-persistent strains at 15°C and 37°C. However, expression of GFP reporters at the stationary phase was higher at 37°C than at 15°C (Fig. 5B) . This low GFP expression correlated with lower fluorescence at 15°C (Fig. 6A) . This is contrary to the fact that RpoS levels, as determined by Western blotting, were higher at 15°C (Fig. 5A ).
FIG 4
RpoS-dependent phenotypes show soil-persistent strains have functional RpoS. All E. coli strains survived significantly better than the BW25113⌬rpoS strain at pH 2.5 (A), produced significantly higher (P Ͻ 0.0001) amounts of gamma-aminobutyric acid (GABA) in response to acid stress (pH 4) compared to the BW25113⌬rpoS strain (B), and turned brown to dark brown upon iodine staining, showing the accumulation of glycogen compared to the BW25113⌬rpoS strain (C). Error bars represent standard deviations from three independent replicates. Data with similar lowercase or uppercase letters are not significantly different (P Ͼ 0.05).
FIG 5
A higher level of RpoS is expressed in the stationary phase at 15°C than at 37°C in E. coli. Protein preparations were obtained from E. coli strains grown in LB broth with agitation to the stationary phase at 15°C and 37°C. The same amount of protein (25 g) from each strain at both temperatures was run on SDS-PAGE, and RpoS was detected by immunoblotting. Purified RpoS protein was used as the control. More RpoS was produced at 15°C than at 37°C in all of the strains, whereas RpoS was not detected in the BW25113⌬rpoS strain at either 15°C or 37°C. The image shown is representative of three independent replicates.
For example, E. coli SE11, which had low levels of RpoS at 37°C, was active in transcribing the RpoS-dependent promoter and leading to high GFP expression (Fig. 6A ). These data show that RpoS protein levels did not always correlate with reporter activity. E. coli COB585, the most divergent of the strains, had the lowest RpoS activity among the test strains at 37°C. Similar attenuated RpoS activity was also observed in E. coli ECC08, which is closely related to COB585 (Fig. 3A ) (7) . No RpoS activity was observed in exponential phase at 15°C and 37°C in all of the strains (data not shown). This growth-phase-dependent RpoS activity was also reported by Sledjeski et al. (73) and shows that increasing RpoS levels at low temperature does not necessarily lead to the physiological response observed when cells enter into the stationary phase or when they encounter other environmental stresses. Though gadX is strongly RpoS dependent in the stationary phase, it was shown that the RpoS dependence may be reduced or abolished under acid stress (24) . It will be interesting to further investigate if RpoS activity reduces when exposed to cold stress and other similar stresses encountered in the environment. We speculate that low activity of RpoS in the stationary phase at 15°C may be due to the upregulation of factors that inhibit promoter recognition by RpoS (74), increased negative feedback inhibition/autoregulation of RpoS (74) , or an increase in induction of anti-sigma factors (75) . The response regulator RssB, which is important for regulating intracellular RpoS levels at the exponential phase and under low stress, can also serve as an antisigma factor and inhibit the RpoS-dependent gene expression in the presence of high RpoS levels (75) . Though Becker et al. (75) could not identify in vivo growth conditions that resulted in such high RssB induction, we speculate that growth in LB at 15°C may be an example of such conditions, based on the high RpoS degradation observed. There is also evidence that, besides its role in RpoS proteolysis, RssB directly interacts with the turnover element in RpoS, thus blocking promoter recognition by RpoS and transcription initiation of RpoS-dependent promoters, and thus inhibiting transcriptional activity of RpoS (74) . Further work will be necessary to establish whether RssB contributes to the reduced RpoS activity that we observed at 15°C.
The heterogeneity in RpoS activity may reflect the genetic diversity of E. coli lineages present in the soil, perhaps suggesting that they have evolved to occupy different microniches in the soil. We have shown that long-term soil adaptation does not select for the rpoS mutation. The soil survival data clearly support the conclusion that it is important to retain a functional RpoS-mediated stress response in order to survive long-term in the soil (Fig. 2C  and D ). These data demonstrate that, regardless of gut, soil, or laboratory origin, E. coli can persist in soil for long periods, and the data also suggest that the general stress response is intrinsic to this trait. Since RpoS controls multiple stress responses and since the soil environment is very dynamic, an intact stress response was retained as E. coli encountered UV radiation from sunlight, lower temperature, hyperosmotic and hypo-osmotic stress, nutrient availability, competition, and predation (76) (77) (78) . Thus, it seems clear that the selective pressure to maintain stress resistance within the soil environment outweighs the potential growth advantage that might arise from loss of RpoS function.
Overall, the phenotypic characteristics and stress response of long-term soil-persistent E. coli were found to be very similar to those of commensal E. coli, suggesting that an intact stress response may be required by E. coli to ensure environmental persistence prior to availability of a new host. Our results also suggest that the long-term residence of E. coli strains in a soil niche does not select for consistently high levels of motility or biofilm formation. We speculate that the huge genetic diversity found in E. coli as a species could be driven by the fluctuations within environmental niches rather than by the comparatively homogenous environment of the gastrointestinal tract. The variety of microniches available within the soil could provide a variety of different selec-
FIG 6
RpoS-dependent GFP expression of gadX::gfp promoter fusions in the stationary phase at 15°C and 37°C by fluorescence microscopy (A) and Western blotting using anti-GFP antibody (B). E. coli strains containing the reporter fusion were cultured in LB broth supplemented with kanamycin (50 g/ml) with agitation. Samples were taken at stationary phase (17 h at 37°C and 36 h at 15°C), fixed with ethanol-methanol (1:1) solution, and resuspended in PBS, and 2 l was placed on a slide and imaged with a Leica DMI3000 B microscope. RpoS activity indicated by fluorescence was higher at 37°C than at 15°C (A), and this correlated with GFP detection by immunoblotting (B). COB585 carrying the reporter fusion had the lowest RpoS activity among strains with intact RpoS. Fluorescence was not detected in the BW25113⌬rpoS strain either by microscopy or immunoblotting. Fluorescent images presented are representatives of 2 independent experiments with Ͼ3 field captures in each experiment. Western blot image is representative of 3 independent experiments. tive pressures that each result in phenotypically different populations. The idea that intraspecies and interspecies diversities are driven largely by evolutionary trade-offs that arise between different properties of the cell (e.g., biofilm formation, metabolism, motility, stress resistance) when they are subject to the constraints of different environments has recently been reviewed comprehensively (79) .
Since soil-persistent strains have been reported to have unique growth and metabolic characteristics compared to the common laboratory reference strain (E. coli K-12 and its derivatives) (19) , there is the need to utilize wild isolates of E. coli when studying mechanisms involving growth and metabolic capacities in E. coli under different conditions. In summary, our findings show that loss-of-function mutations are absent in the rpoS gene of longterm soil-persistent E. coli strains and that RpoS is highly conserved in these strains. Using RpoS-dependent phenotypes and reporter activity measurements, we confirm that a functional RpoS response is retained among long-term soil-persistent strains and that RpoS is important for long-term survival of E. coli in soil.
